Context-Uterine decidualization is critical to embryonic implantation and sustained pregnancy.
INTRODUCTION
Invasive hemochorial placentation, as observed in mice, rats, subhuman primates and women, triggers an endometrial stromal response referred to as decidualization. This is defined as the differentiation of endometrial mesenchyme to decidual stroma with distinct morphological and biochemical characteristics. Decidualized stromal cells accumulate glycogen and take on a plump, epithelioid appearance. Ultrastructurally, club-shaped lamellar processes between adjacent cells interdigitate extensively and form clustered microdomains called gap junctions (Lawn et al., 1971 ) that allow adjacent cells to directly share ions and small molecules <1 kD in size (Yamasaki et al., 1999) . In rodents, endometrial stromal gap junctions are absent until a deciduogenic stimulus is provided (Orlando-Mathur et al., 1996) . Gap junctions are found in almost all mammalian tissues except circulating blood cells and adult skeletal muscle and are comprised of tetrahelical, membrane-spanning connexin (Cx) proteins ranging in size from 26 to 56 kD that surround an aqueous pore. The human genome encodes 21 Cx family proteins (Söhl & Willecke, 2003) , of which the predominant Cx isoform in endometrial stroma is 43 kD (Cx43). This protein also is referred to as "gap junction α-1 protein," especially in microarray annotation lists (Piao et al., 2006) . In mouse and rat decidua, Cx43 is upregulated by estrogen (E) and expressed prior to placental invasion (Pauken & Lo, 1995; Grümmer et al., 1996) . The temporospatial expression of Cx43 in human endometrium is controversial. Jahn et al. (1995) observed maximal Cx43 staining in endometrial stromal cells during the E-dominant periovulatory period, whereas Granot et al. (2000) noted an increase in Cx43 during the mid-late secretory phase when both E and progesterone (P) levels are elevated. Human endometrial stromal cells in culture express functional Cx43 proteins and generate gap junction intracellular connections (Tanmahasamut & Sidell, 2005) .
To identify steroid-regulated gene networks with functional relevance to embryonic implantation, we utilized a model in which implantation is activated by a single administration of E to ovariectomized, P-primed pregnant mice (Mantena et al., 2006) . Gene expression profiling using Affymetrix microarrays (430 2.0 Array) revealed that Cx43 increased markedly after hormone induction in the delayed implantation model (Bagchi & Bagchi, unpublished results) . Cx43 protein expression in mouse uterus during normal pregnancy, was undetectable by immunohistochemistry in undifferentiated stromal cells during the preimplantation period. However, on day 5 of pregnancy, within 12 h of the initiation of implantation, a marked induction in Cx43 protein expression was observed in the primary decidual zone immediately surrounding the implanting embryo (Laws et al., 2008) . Moreover, in a conditional knockout of the Cx43 gene in adult mouse uterus, created by employing the Cre-LoxP strategy under the control of the progesterone receptor (PR) promoter (Kim et al., 2008) , mice with deleted Cx43 alleles exhibited severe fertility defects associated with failure to express decidual markers. An unexpected finding was that the uterine decidua in these mice also failed to undergo angiogenesis characteristic of the periimplantation period (Laws et al., 2008) . The goal of the current study was to evaluate, independently of embryonic development, the significance of Cx43 and gap junctions in primary human endometrial stromal cells subjected to in vitro decidualization. Our findings indicate that Cx43 and functional gap junctions are required for the morphological and biochemical changes induced during endometrial stromal cell differentiation, including effects on angiogenic and proinflammatory proteins.
MATERIALS AND METHODS

Tissues and cells
Source of human tissues-Endometrial tissue specimens were obtained from patients undergoing laparoscopy for tubal sterilization after providing written informed consent under a study protocol approved by the institutional review board at Emory University School of Medicine. Five healthy ovulatory women, who had not received hormonal therapy for at least three months before surgery, were recruited. Endometrial biopsies were collected under sterile conditions and transported to the laboratory on ice in phosphate buffered saline (PBS). All endometrial biopsies were performed in the early proliferative cycle phase to minimize effects from endogenous luteal phase progesterone, and histology was consistent with the subjects' menstrual dating. Specimens used in the current study were obtained from women without evidence of endometriosis or other pelvic pathology.
Human endometrial cell culture conditions and in vitro decidualization-
Endometrial stromal cells (ESC) were prepared from endometrial biopsies, as we have described previously (Ryan et al., 1994) . After collagenase digestion, glandular epithelial cells were separated from ESC and debris by filtration through narrow gauge sieves. ESC were subcultured at least twice to eliminate contamination by macrophages or other leukocytes and were used before the sixth passage for all experiments. In prior studies from our laboratory, we extensively characterized ESC cultures prepared using this protocol and confirmed that they are more than 95% pure and retain functional estrogen and progesterone receptors, as well as other phenotypic endometrial markers for at least five passages in vitro (Ryan et al., 1994) . The cells were cultured in 24-well plates or 6 cm dishes depending on the requirements of the assays, as described below.
ESC were grown to 60-80% confluence in phenol red-free medium (DMEM/Ham's F-12, cat# 10-092cv, CellGro, Manassas, VA) supplemented with 5% charcoal-stripped fetal calf serum and then treated with a combination of 10 nM 17β-estradiol, 100 nM progesterone and 0.5 mM dibutyryl cAMP (decidualization cocktail, "E/P/c") or solvent control. Half of the culture medium was removed and replaced every two days for up to 8 d, and after treatment the cultures were allowed to incubate for an additional 48 h before the morphology of the cells was assessed, and prolactin was measured in the supernatant (ELISA kits from Alpha Diagnostic International, San Antonio, TX) as a biochemical marker of decidualization (Ramathal et al., 2010) . Figures reflect representative experiments performed in triplicate and each experiment was repeated a minimum of three independent times with similar results.
Protein and mRNA analyses
Western blot analyses-Western blot analyses were performed on whole-cell extracts obtained from direct dissolution of cells by vortexing in cell extraction buffer (cat# FNN0011, BioSource Intl., Camarillo, CA), followed by protein determination using a bicinchoninic acid protein assay kit (Sigma Chemical Co.). Protein (30 μg) from cells treated with medium (control), or E/P/c was loaded onto 12% SDS-PAGE gels, then transferred to PVDF membranes and blocked with 5% skim milk in PBS. Total Cx43 was detected using the rabbit polyclonal anti-Cx43 antibody (1:1000 dilution, cat# 3512, Cell Signaling Technology, Danvers, MA), then incubated with secondary antibody linked to horseradish peroxidase and visualized by chemiluminescent detection. Cx26 was detected using rabbit antibodies (O-24, 1:1000 dilution) from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Secreted prolactin and VEGF protein isoforms were assayed in cell culture supernatants that were concentrated 100-fold using Amicon Ultracel-3K centrifugal filters. Prolactin was detected using mouse monoclonal antibodies (A-7, 1:500 dilution, cat# 46698, Santa Cruz); VEGF was detected with mouse monoclonal anti-VEGF antibody (C-1, 1:500 dilution, cat# SC-7269, Santa Cruz). The immunoreactive bands were visualized by the Enhanced Chemiluminescence (ECL) System (Amersham Pharmacia Biotech, Piscataway, NJ). Blots were washed, reprobed with mouse monoclonal anti-human β-actin antibodies (1:1000 dilution, cat# 31430, Sigma, St. Louis, MO), and developed in an identical manner to ensure even loading. Molecular weight standards were used to verify the identity of immunopositive bands. In Fig. 1A , MagicMark XP® Western protein standards from Invitrogen (cat# LC5602) were utilized and these revealed faint signals following secondary antibody and ECL reactions. In the other Western blots, SeeBlue Plus2® pre-stained standards (cat# LC5925, Invitrogen), which are not detected by ECL, were used to calibrate the migration of proteins on the original gel and the size of each band is indicated in the figure.
ELISA-Prolactin in ESC-conditioned medium was quantified using a commercial ELISA kit (Alpha Diagnostic International, San Antonio, TX). The assay was linear over a concentration of 1-100 ng/ml. All assays were performed in triplicate and each experiment was repeated a minimum of three times with cells derived from different subjects. Results are reported as ng/10 6 cells/48 h. VEGF protein secreted into ESC-conditioned media was measured using a commercial ELISA kit (Human VEGF Quantikine, R&D Systems, Minneapolis, MN) that was validated previously in our laboratory (Peeters et al., 2005) . The assay was sensitive to VEGF levels of 15 pg/ml and linear from 15-900 pg/ml. Results are reported as pg/10 6 cells/48 h. Interleukin (IL)-6 concentrations in ESC-conditioned media were analyzed using commercially available ELISA kits from R&D Systems. The assay has a sensitivity of 200 pg/ml and is linear from 0.2-200 ng/ml. Results are reported as pg/10 6 cells/48 h. ELISA plates were read at 450 nm wavelength using an HtII ELISA plate reader (Anthos Labtec Instruments, Salzburg, Austria) with the correction wavelength set at 570 nm. All assays were performed in triplicate and each experiment was repeated a minimum of three times with cells derived from different subjects.
RNA isolation, RT-PCR, and real-time PCR-Total RNA from tissues was extracted using PureLink ™ Micro-to-midi Total RNA Purification Systems (Invitrogen, Carlsbad, CA) following the manufacturer's protocol. Concentration and purity of the total RNA samples were measured using the NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE). cDNA was synthesized using Superscript ™ First-Strand Sythesis System for RT-PCR (Invitrogen) according to the manufacturer's methodology and used as template for conventional and real-time PCR assays. Amplicons were visualized on 1% agarose gels containing 0.2 μg/μl ethidium bromide. A 100-bp ladder (Invitrogen) was used as a size standard. Primers for amplification were synthesized by Operon (Alameda, CA) based on the following sequences: Cx43 sense 5′-TACCATGCGACCAGTGGTGCGCT-3′ and Cx43 antisense GAATTCTGGTTATCATCGGGGAA-3′ (292-bp amplicon); VEGF sense 5′-GCACCCATGGCAGA-3′ and antisense 5′-GCTGCGCTGATAGA-3′(72 bp amplicon); glyceraldehyde-3-phosphate dehydrogenase (GAPDH) sense 5′-GAGTCAACGGATTTGGTCGT-3′ and antisense 5′-GACAAGCTTCCCGTTCTCAG-3′ (185-bp amplicon). For real-time quantitative PCR, we used 2× SYBR Green Supermix (Bio-Rad, Hercules, CA) and followed the vendor's guidelines with some modifications. A total reaction volume of 20 μl contained 10 μl 2× SYBR Green, 1 μl 50 mM MgCl 2 and 1 μl primer mix. For Cx43 and VEGF, 5 μl cDNA were used, and 3 μl cDNA were used for GAPDH. Samples were processed using Opticon Monitor3 software (Bio-Rad Hercules, CA) under the following conditions: one denaturation cycle of 95°C, 15 min followed by 32 amplification cycles of 95°C, 10 sec, 60°C, 15 sec, and 72°C, 40 sec. PCR was run in an Opticon2 real-time thermocycler (Bio-Rad) as described elsewhere (Sidell et al., 2010) . The data were analyzed after normalization to GAPDH, using the formula 2 ΔΔct , where ct is the cycle threshold. The following formula was used to arrive at the fold decrease in Cx43 and VEGF mRNA level for each sample:
Where C=ct for Cx43, VEGF or GAPDH mRNA measured in control samples, and T=ct for Cx43, VEGF or GAPDH mRNA quantified in treated samples. Melting curve analysis of each sample reveal sharp, single amplicon peaks and these were supplemented with agarose gel electrophoresis of randomly selected samples to confirm the success of amplification reactions. Fluorescence spectra were recorded during the annealing phase of each reaction. Second derivative analysis of the amplification curves established the threshold cycles for each sample.
Functional assays of gap junctions
Pharmacological blockers of gap junctions-Two established, chemically unrelated gap junction-blockers were selected for these studies (Schiller et al., 2001; Contreras et al., 2002) . 18α-glycyrrhetinic acid (AGA) and octanol (OcOH) were obtained from Sigma (St. Louis, MO). The two compounds were evaluated in preliminary studies over wide concentration ranges of 30-1000 μM and 0.1-3.0 mM, respectively, and optimal concentrations (without evidence of cell toxicity) were established. The compounds were concurrently added with the hormone cocktail (or control medium) and included in the incubation medium for up to 8 days during in vitro decidualization and had no effects on cell viabililty under the optimized conditions of the assays reported here (50 μM and 1.5 mM, respectively). Equimolar concentrations of glycyrrhizic acid (GA, 50 μM) and ethanol (EtOH, 1.5 mM), non-inhibitory glycoside and alcohol, respectively, likewise showed no toxic effects and served as controls for each of the two gap junction blocking compounds.
Dual-label cell coupling assay-Donor ESC were double labeled with the green fluorescent dye calcein (gap junction-permeable, Molecular Probes, Carlsbad, CA) and the red fluorescent dye Di-I (gap junction-impermeable, Molecular Probes) as described previously (Laws et al., 2008) . The labeled cells were washed and then placed in contact with unlabeled ESC in a monolayer at a ratio of 1:8. Dye transfer was visualized by fluorescence microscopy after 2 hours at 37 C. The cells that fluoresce both green (calcein) and red (Di-I) are the dual-loaded donor cells, whereas those fluorescing only green (typically more diffuse in intensity) indicate originally unlabeled ESC in the monolayer, now demonstrating functional gap junction coupling. The latter cells were quantified per high-power field in six random fields per 6 cm plate and the mean numbers of two independent observers are presented. These experiments were performed after 4 days of E/P/ c treatment, when Cx43 upregulation was approximately half-maximal ( Fig. 1A) .
Transgenic assays
Transient transfection of VEGF promoter construct-A 3019-bp human VEGF promoter-firefly luciferase reporter vector containing the complete 5′ UTR was constructed in pGL2 as described previously (Mueller et al., 2000) . ESC were seeded at a density of 4 × 10 4 cells per well in six-well dishes and grown to 75% confluence. After 8 d of incubation in the absence or presence of E/P/c, cells were transiently transfected for another 24 h with 3 μl of Lipofectamine 2000 lipofection reagent (Invitrogen, Carlsbad, CA) as described previously (Sidell et al., 2010) . The preparation of cell extracts and measurement of luciferase activities were carried out using the Dual-Luciferase Reporter kit according to recommendations of the manufacturer (Promega Corp., Madison, WI). Data are presented as mean (± SEM) relative light units (RLU)/10 3 cells.
Cx43 shRNA knockdown experiments-Stable knockdown of Cx43 was accomplished using shRNA. To obtain the desired constructs we screened five lentiviral DNA expression vector sets, each of which contained 58 nucleotide shRNA duplexes that targeted human Cx43 (Sigma). The shRNA vectors were cotransfected with helper plasmids VSVG and delta 8.9 into HEK293T cells using Lipofectamine ™ 2000 (Invitrogen) for lentivirus production. Empty vector (pLKO.1-puro) served as a negative control. Viruscontaining media from HEK293T cells were collected 48 h after transfection and mixed with 8 μg/ml of polybrene for infection of ESC. HEK293T cells were replenished with fresh medium for another 24 h, and the virus-containing medium was collected for a second infection of ESC. 24 hrs after the second infection, cells were grown in DMEM/F12 medium containing 10% fetal bovine serum for 48 h prior to selection with puromycin (5 μg/ml). Uninfected ESC cells were used as a selection control. Cells were maintained in puromycin for 8 days, after which Cx43 protein expression was determined by Western blotting. The cells with optimal knockdown (~75% Cx43 protein reduction but unaffected β-actin expression; Fig. 9A ) were used for the experiments presented (Sigma: TRCN0000059776, Clone ID NM_000165.2-977s1c1).
Statistical analyses
All of the data presented are representative assays performed in triplicate and each result was replicated in a minimum of three independent ESC isolates from different subjects. The data were normally distributed (Kolmogorov-Smirnov test) and are expressed as means ± SEM. When multiple comparisons were made the Bonferroni correction was employed. Significant differences were accepted when Student's t test (two-tailed analyses) yielded P <0.05 between individual groups.
RESULTS
In vitro decidualization of ESC is associated with Cx43 upregulation
Incubation of ESC with E/P/c induced a progressive increase in Cx43 expression ( Fig. 1A) , which was approximately half-maximal at 4 d. By contrast, Cx26 was expressed at lower constitutive levels and did not show the hormonal modulation observed in the predominant Cx43 band ( Fig 1B) . In concert with the observed effects on Cx43, there were concomitant temporal increases in prolactin and VEGF secretion ( Figs. 2A and 2B, respectively) .
Decidualization increases gap junction coupling in ESC and inhibitors of gap junctions impair decidualization
To determine if Cx43 upregulation was associated with a functional increase in gap junctions, we utilized a dye diffusion assay. Donor ESC, labeled with permeable (calcein) and impermeable (Di-I) fluorescent dyes, were incubated on monolayers of unlabeled ESC for 4 hours. Diffusion of calcein dye (green) from donor to recipient cells indicates the presence of gap junctions (white arrows in Fig. 3A) , whereas Di-I dye (red) remains within donor cells. Treatment for 4 days with E/P/c increased gap junction coupling by ~60% (P<0.05) above control levels (Fig. 3B ). We also employed well characterized pharmacological inhibitors of gap junctions to test whether the latter functionally mediate decidualization of ESC. The addition of 50 μM AGA reduced gap junction coupling in control ESC by ~40% and in E/P/c-treated cells by ~35% (P<0.05, Fig. 3B ).
AGA and OcOH partially reverse morphological and biochemical decidualization in ESC
Having established that we could block ESC gap junctions pharmacologically, cell morphology was assessed in the absence or presence of 50 μM AGA or 1.5 mM OcOH. These concentrations were selected following pilot dose-response experiments undertaken to identify optimal drug concentrations that were not toxic to the cell cultures, and they correspond well to previous reports in other cell types (Schiller et al., 2001; Contreras et al., 2002) . Under control conditions the inhibitors had no apparent effects on cell morphology; however, in E/P/c-treated ESC, the inclusion of either gap junction blocker partially prevented the epithelioid changes induced after 8 d of hormone exposure, when morphological transformation is maximal (Fig. 4) . Biochemical decidualization was confirmed by measuring prolactin secretion from ESC. Under control conditions, ESC secreted very low concentrations into conditioned media. Prolactin was undetectable in Western blots (Fig. 5, inset) and only reached concentrations of ~0.2 ng/10 6 cells as measured by ELISA. However, after 8 d exposure to E/P/c, prolactin secretion was induced 8-fold. Incubation in the presence of AGA (50 μM) reduced both basal and hormoneinduced prolactin by >50% (P<0.02). By contrast, the non-inhibitory glycoside GA (50 μM) did not reduce basal or hormone-induced prolactin (Fig. 5A ). OcOH (1.5 mM) inhibited basal and E/P/c-induced prolactin by ~30% (P<0.05). EtOH (1.5 mM), a non-inhibitory alcohol, had no effect on prolactin levels in basal or hormone-treated conditions (Fig. 5B ).
AGA and OcOH inhibit hormone-induced VEGF secretion in decidualized ESC
Our previous study identified VEGF as a sensitive marker of endometrial stromal differentiation in vivo and in vitro (Laws et al., 2008) . In the current experiments we also evaluated the effects of gap junction blockade on ESC VEGF secretion. AGA inhibited VEGF secretion into the conditioned media ~70% under control conditions, and ~50% in E/ P/c-treated cells (P<0.05). The non-inhibitory glycoside GA had no effects (Fig. 6A ). Western blotting of the cell supernatants (Fig. 6A, inset) indicated that all three major human VEGF isoforms (28, 24 and 18 kD, corresponding to 189, 165 and 121 amino acid peptides, respectively) were reduced by AGA. OcOH inhibited E/P/c-induced VEGF bỹ 60% (P<0.05), but had little effect on basal VEGF secretion. EtOH, a non-inhibitory alcohol, had no effect on VEGF levels in basal or hormone-treated conditions (Fig. 6B) .
AGA-induced inhibition of VEGF expression in decidualized ESC is mediated, in part, by reduced mRNA accumulation
To begin to understand mechanistically how gap junction blockade results in the reduction of secreted VEGF, we quantified VEGF mRNA in decidualized ESC in the absence or presence of AGA. Real-time RT-PCR revealed a ~50% decrease in steady-state VEGF mRNA accumulation in the presence of the gap junction inhibitor (Fig. 7) . Preliminary results failed to show inhibitory effects of E/P/c + AGA (50 μM) relative to E/P/c alone on transcriptional activation of a full-length human VEGF-luciferase reporter construct (Mueller et al., 2000) (38±8 RLUvs. 34±10 RLU/10 3 cells, respectively) implying that posttranscriptional regulation by AGA may be involved in the reduction of VEGF transcripts.
AGA and OcOH stimulate hormone-induced IL-6 secretion in decidualized ESC
Several immunomodulatory cytokines, including IL-6, are produced at the fetomaternal interface by human secretory endometrium and deciduas (Tabibzadeh et al., 1995) . We noted that in vitro decidualization of ESC resulted in a ~5-fold increase in IL-6 secretion (Fig. 8) . Under control conditions, AGA (50 μM) had no effect on IL-6 secretion into the conditioned media, however in E/P/c-treated cells, AGA further stimulated IL-6 by ~30% (P<0.05; Fig. 8A ). OcOH (1.5 mM) stimulated E/P/c-induced IL-6 ~2-fold (P<0.02; Fig.  8B ), but also had no effect on basal IL-6 secretion. The non-inhibitory glycoside (GA, 50 μM) and alcohol (EtOH, 1.5 mM) each had no effect on IL-6 levels in basal or hormonetreated conditions (data not shown).
Confirmation of gap junction role in decidualization using transgenic approach
As the previous experiments utilized pharmacological inhibitors to establish a relationship between gap junctions and decidual transformation, we undertook confirmatory studies by infecting ESC with Cx43 shRNA lentiviral constructs to knock-down gap junction formation. In cells exposed to E/P/c for 8 days, Cx43 shRNA virus reduced Cx43 protein bỹ 75% (Fig. 9A) . Infection of ESC with empty virus had no effects (data not shown). After 8 d under control conditions, Cx43 shRNA had negligible effects on ESC morphology, but dramatically reduced the decidual phenotype in cells exposed to E/P/c for 8 days (Fig. 9B ). Cx43 shRNA reduced E/P/c-stimulated prolactin secretion by ~50% (Fig. 9C, P<0.05) and VEGF secretion by ~75% (Fig. 9D, P<0.02) . As observed with the pharmacological gap junction inhibitors, Cx43 shRNA provoked a ~220% increase in IL-6 secretion in E/P/cstimulated ESC (Fig. 9E, P<0.02) . These data confirm that Cx43 is necessary for the morphological and biochemical differentiation of ESC during hormone-induced decidualization and suggest that gap junctions mediate the decidualized phenotype.
DISCUSSION
Decidualization is critical to early placentation and embryo survival in eutherian species. In mice and rats, the morphogenetic changes associated with decidualization are accompanied by profound biochemical responses, including the upregulation of prolactin-like proteins (PLP) (Alam et al., 2007) . In the baboon, prolactin, IGFBP-1, and -smooth muscle actin are upregulated (Fazleabas et al., 2004) and in women, endometrial decidualization is accompanied by the massive upregulation and secretion of prolactin (Daly et al., 1983) and IGFBP-1 (Koistinen et al, 1986 ). In the current study we have verified that VEGF also is induced during primary human ESC decidualization. The physiological significance of decidual prolactin and VEGF are incompletely understood, but both proteins have potent angiogenic activities (Ferrara et al., 1996; Clapp et al., 1998; Struman et al., 1999) and targeted disrupution of Cx43 in the mouse uterus inhibited the expression of these proteins and impaired endometrial angiogenesis in vivo (Laws et al., 2008) . We hypothesized that transformation of fibroblastic endometrial stromal cells into an organized decidual endocrine unit requires the de novo establishment of selective cell-cell communication networks, which are mediated in part via Cx43 biosynthesis and gap junction formation, in anticipation of embryonic implantation. This report focuses on the modulation of decidual protein expression in differentiating human endometrial stromal cells by molecules that regulate gap junctions.
For successful pregnancy, vascular development needs to occur on both sides of the maternal-fetal interface. The remarkable finding of Ferrara et al. (1996) , that haplodeficiency for VEGF led to embryonic lethality in mice, underscores the fetal requirement for this angiogenic factor. However, normal maternal production of VEGF is likewise necessary for decidual vascularization (Jauniaux et al., 2006) . Even if miscarriage is averted, failure of normal angiogenic growth factor production in early pregnancy is associated with subsequent pregnancy complications including preeclampsia and fetal growth restriction (Taylor et al., 2003; Levine et al., 2004) .
As noted above, the decidual reaction induces Cx43 and transforms fibroblastic endometrial stromal cells into an epithelioid phenotype with new morphogenetic and functional properties. Of particular interest to us are reports in other systems of the association of Cx43 and gap junction expression with angiogenesis. Cx43 knockout mice die at birth with epicardial vascular apoptosis and a meta-analysis of murine knock-out models has placed connexins as key modulators in a network of VEGF regulatory genes (Argraves & Drake, 2005) . Recent studies from our group indicate that conditional knock-out of Cx43 in the mouse uterus and Cx43 knockdown in telomerase-immortalized human ESC (Krikun et al., 2001) led to reduced prolactin and VEGF expression (Laws et al., 2008) . The complementary pharmacological and transgenic approaches used in this report to inhibit gap junctions in primary human ESC confirm that biomarkers of angiogenesis are reduced.
IL-6 is a 26-kD Th2 cytokine synthesized by uterine epithelial and stromal cells, particularly during the implantation period (Tabibzadeh et al., 1995; Salamonsen et al., 2000) . A broadly accepted, albeit oversimplified, model for T-helper (Th) cell modulation during implantation proposes that pregnancy causes a shift in the balance of uterine cytokine biosynthesis from a predominant Th1, or "cellular" immune phenotype, to a Th2, or "humoral" immune pattern (Chaouat, 2007) . Th2 cytokines, such as IL-6 induced at the fetomaternal interface, are believed to modulate immune tolerance of the embryonic allograft (Saito, 2000) . Our baseline data are consistent with this observation, suggesting that decidualization per se induces IL-6 upregulation. However, unlike prolactin and VEGF, gap junction blockade by AGA or OcOH further upregulated IL-6 secretion in decidualized ESC. Knockdown of Cx43 with shRNA showed a similar stimulatory effect. While this may seem counterintuitive to reduced decidual function by gap junction blockade, there is evidence that excessive IL-6 production is detrimental to murine placentation (Zenclussen et al., 2003) and increased decidual IL-6 mRNA and protein production was observed in cases of preeclampsia (Lockwood et al., 2008) . Interestingly, data from the mouse indicate that prolactin negatively regulates IL-6 expression in decidual cells (Bao et al., 2007) . Hence, the observed increase in IL-6 following AGA, OcOH or shRNA treatment may be a consequence of reduced prolactin expression noted in the presence of gap junction inhibitors.
In conclusion, we have demonstrated that ESC differentiation into decidual cells is associated with concomitant upregulation of Cx43 and functional gap junction intercellular communications. Blockade of gap junctions using pharmacological inhibitors (AGA or OcOH), or inhibition of Cx43 by shRNA, impairs morphological differentiation. This effect is accompanied by a dramatic reduction of prolactin secretion, the quintessential marker for biochemical ESC decidualization. VEGF, a critical angiogenic product of the decidual cell, also is inhibited when gap junctions are disturbed. By contrast, secretion of the immunomodulatory cytokine IL-6 is enhanced when gap junctions are blocked. Our findings suggest a new model of the uterine decidua as a coordinated secretory organ that regulates embryonic implantation via intercellular cooperation mediated by gap junctions. When adjacent cells communicate through these junctions, decidual prolactin and VEGF secretion appears to be optimized for vascular development of the placental bed. Conversely, when intercellular communications are disrupted, angiogenesis is impaired and an inflammatory state is induced. We currently are attempting to identify the small molecules that presumably traverse these important gap junctions, as they should provide key insights into uterine function and novel targets for fertility regulation.
Highlights
• Gap junctions and connexin (Cx) proteins appear to facilitate decidual differentiation
• Human endometrial stromal cells were differentiated in vitro by incubation with hormones
• Pharmacological gap junction inhibitors and Cx43 siRNA knockdown blocked decidual morphology
• Prolactin, IGFBP-1 and VEGF were reduced, whereas IL-6 was increased by gap junction blockade
• Gap junctions maintain decidual function and prevent inflammation in endometrial stromal cells Gap junction inhibitors block morphological differentiation of hormone-treated ESC. In ESC cultured for 8 days in the absence of hormones (control), neither AGA nor octanol (OcOH) affected the fibroblastic appearance of the cultures (left panels). However, in cells treated with E/P/c for 8 days, co-incubation with AGA or OcOH attenuated the epithelioid morphological changes observed with E/P/c alone. Magnification × 400. Gap junction inhibitors block biochemical differentiation of ESC. Prolactin secretion as detected by ELISA and expressed as ng/10 6 cells, was used as an indicator of ESC decidualization. ESC cultured for 8 days in the absence of hormones (cont.) had very low levels of prolactin production, which were significantly upregulated in the presence of E/P/c. (A) AGA inhibited both basal and E/P/c-stimulated prolactin secretion (*P<0.05, t-test), whereas the non-inhibitory glycoside, glycyrrhizic acid (GA), had no effects on basal or stimulated prolactin secretion. The inset shows prolactin in the supernatants as detected by Western blotting. The latter assay was less sensitive than the ELISA but shows similar trends. The figure reflects a selected representative experiment. Gap junction inhibitors block biochemical markers of angiogenesis in decidualized ESC. VEGF secretion as detected by ELISA and expressed as pg/10 6 cells, was significantly upregulated in cells cultured for 8 days with E/P/c relative to cells without hormone treatment (cont). (A) AGA significantly blunted VEGF production in control and E/P/ctreated cells (*P<0.05, t-test), whereas the non-inhibitory glycoside, GA, had no effects on VEGF secretion. The inset shows VEGF in the supernatants as detected by Western blotting Inhibitory effects of AGA on VEGF production are partly mediated at the level of mRNA metabolism. Real-time RT-PCR was used to quantify VEGF mRNA transcripts in decidualized ESC. Incubation with E/P/c for 8 days in the presence of AGA resulted iñ 50% reduction in steady-state VEGF mRNA. The inset reveals the PCR amplification profiles and melting curve analyses, showing precise, single peaks for the amplified cDNAs. Gap junction inhibitors stimulate biochemical markers of inflammation in decidualized ESC. IL-6 secretion as detected by ELISA and expressed as pg/10 6 cells, was significantly upregulated in cells cultured for 8 days with E/P/c relative to cells without hormones (cont). Moreover, co-incubation with gap junction inhibitors AGA (left panel) or OcOH (right panel) further stimulated IL-6 secretion in decidualized ESC (*P<0.05, t-test). The figure reflects a selected representative experiment. 
